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Background & Aims: Mice exposed to the hepatocellular carcin¬ 
ogen diethylnitrosamine at 2 weeks of age have a high risk of 
developing primary liver tumors later in life. Previous studies 
have demonstrated that diethylnitrosamine-treated mice have 
increased tumor burden when fed an obesigenic “Western” diet 
rich in lard fat and sugar. However, the role of dietary fats vs. sug¬ 
ars in the promotion of liver cancer is poorly understood. The aim 
of this study was to determine how altering dietary fats vs. sugars 
affects tumor burden in the diethylnitrosamine model. 

Methods: C57BL/6N mice were treated with diethylnitrosamine 
at 2 weeks of age and, from 6 to 32 weeks of age, fed one of five 
diets that differed in fat and sugar content, including normal 
chow, ketogenic, and Western diets. 

Results: Mice fed sugar-rich diets had the greatest tumor burden 
irrespective of dietary fat content. In contrast, mice fed a high-fat 
low-sugar diet had the least tumor burden despite obesity and 
glucose intolerance. When evaluated as independent variables, 
tumor burden was positively correlated with hepatic fat accumu¬ 
lation, postprandial insulin, and liver IL-6, and inversely corre¬ 
lated with serum adiponectin. In contrast, tumor burden did 
not correlate with adiposity, fasting insulin, or glucose intoler¬ 
ance. Furthermore, mice fed high sugar diets had lower liver 
expression of p21 and cleaved caspase-3 compared to mice fed 
low sugar diets. 

Conclusions: These data indicate that dietary sugar intake con¬ 
tributes to liver tumor burden independent of excess adiposity 
or insulin resistance in mice treated with diethylnitrosamine. 
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Introduction 

Environmental risk factors for primary liver cancer include viral 
hepatitis, aflatoxin, alcohol, and obesity [1,2]. A recent study of 
more than 900,000 adults in the United States reported the rela¬ 
tive risk of dying from liver cancer was 4.5 times greater for men 
and 1.7 times higher for women with baseline body mass index 
(BMI) ^35, compared to the reference groups with baseline 
BMI of 18.5 to 25 [3 . Diabetes and hyperglycemia are also highly 
associated with liver cancer [4-7 , as is dietary intake of sugar 
[8]. However, the pathophysiologic mechanisms linking obesity 
and poor diet to liver tumor burden remain unclear and may 
involve a range of factors including hyperinsulinemia, insulin 
resistance, glucose intolerance, inflammation, and hepatic 
steatosis. 

A commonly used model of experimental primary liver cancer 
in mice involves a single intraperitoneal injection of the 
pro-carcinogen diethylnitrosamine (DEN) in neonates. DEN is 
metabolized in the liver by CYP450 enzymes where it is con¬ 
verted to an active carcinogen that causes DNA alkylation and 
oxidative damage, leading to development of hepatocellular ade¬ 
noma (HCA), which progresses to hepatocellular carcinoma 
(HCC), resembling poor-prognosis HCC in humans [9-11]. In this 
study, we investigated the role of dietary fats and sugars on pri¬ 
mary liver tumor burden in DEN-treated mice fed one of five 
diets: normal chow (NC) which is low in fat and sucrose; Western 
diet based on lard (WD-L) which is high in fat and sucrose; Wes¬ 
tern diet based on coconut oil (WD-C); fructose diet (FD) which is 
low in fat but high in sucrose and fructose; and ketogenic diet 
(KD) which is high in fat but low in sucrose. These diets cause dis¬ 
similar metabolic phenotypes. For example, WD-L causes obesity, 
peripheral insulin resistance, glucose intolerance, and hepatic 
steatosis compared to NC. WD-C is calorically identical to 
WD-L, but it induces greater hepatic lipogenesis [12], which has 
pathogenic and prognostic significance in primary liver cancer 
[13,14]. FD was chosen because it is calorically identical to NC, 
but fructose induces lipogenesis and glucose intolerance in the 
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absence of obesity [15,16 . Finally, long-term KD promotes glu¬ 
cose intolerance with less hepatic steatosis compared to mice 
fed a WD [17 . These diets were used to determine how altering 
the intake of dietary sugars and fats impacts tumor burden in a 
mouse model of liver cancer. 


Materials and methods 


Mice and DEN treatment 


Male and female C57BL/6NHsd mice were purchased from Harlan Laboratories. 
The C57BL/6N strain was chosen over C57BL/6J because the latter has a gene 
mutation in nicotinamide nucleotide transhydrogenase ( Nnt ) that contributes to 
glucose intolerance and reduced insulin secretion [18 . Mice were housed and 
bred in a temperature-controlled room (22 °C) on a 12-h light/dark cycle in fil¬ 
ter-top cages and with ad libitum access to food and water. Mice were time-mated 
to produce litters simultaneously. Offspring male C57BL/6N mice were treated 
with DEN (25 mg/kg) at 14 days of age via intraperitoneal (i.p.) injection as 
described [19]. Mice were weaned at 21 days of age and randomly allocated to 
cages with non-littermates of the same age. All weaned mice were fed a standard 
chow diet until 6 weeks of age. 

Diets 


From 6 weeks of age, mice were fed one of five experimental diets. Food was pro¬ 
vided ad libitum in order to prevent alterations in food-seeking behavior and dis¬ 
ruptions in normal set-points for food intake (n = 6-12 mice per diet group). Only 
6 of 8 mice in the KD group completed the study, as 2 mice were euthanized 
before study completion due to wounds incurred from fighting. The euthanized 
mice did not show evidence of tumor burden. Sample size sufficient to detect a 
20% change in tumor number was estimated a priori, using a power analysis based 
on group means and standard deviations previously reported [35]. Dietary inter¬ 
vention was delayed until 4 weeks after treatment with the carcinogen, to distin¬ 
guish tumor initiation by the carcinogen from promotion of lesion growth by the 
diets. Weight of food consumed per cage was measured bi-weekly from diet ini¬ 
tiation until study completion. kCals consumed were calculated based on kCal 
content per gram of food for each diet. kCals consumed per cage were then 
divided by the number of mice in the cage to estimate kCals consumed per 
mouse. Diets were prepared in-house according to methods previously estab¬ 
lished in our laboratory [20], with modifications to macronutrient (i.e., fat and 
carbohydrate) content. All diets contained (w/w): 4% Mineral Mix AIN-76 (Harlan 
Teklad), 1% Vitamin Mix AIN-76 (Harlan Teklad), 0.4% choline bitartrate, 0.3% 
methionine, and 2% gelatine. 

NC contained (w/w): 6% wheat bran, 67% uncooked corn starch, 17% casein, 
and 3% safflower oil. FD contained (w/w): 6% wheat bran, 21% uncooked corn 
starch, 31% sucrose, 15% fructose, 17% casein, and 3% safflower oil. WD-L and 
WD-C contained (w/w): 18% uncooked corn starch, 5% wheat bran, 21% sucrose, 
either 23% lard or coconut oil, 18% casein, and 3% safflower oil. KD contained 
(w/w): 71% lard, 16% casein, and 6% safflower oil. All animal studies were per¬ 
formed according to policies established by the UVA Institutional Animal Care 
and Use Committee and criteria outlined in the “Guide for the Care and Use of 
Laboratory Animals” (NIH publication 86-23 revised 1985). 

Insulin sensitivity and glucose tolerance testing 


Insulin and glucose measurements were obtained from mice at 16 weeks of study 
diet. Blood samples for insulin and glucose measurements were collected in the 
random-fed state at 19:00 h, and in the basal state after a 12-h overnight fast. 
Glucose was measured in whole blood using an Accu-Chek glucometer (Roche 
Diagnostics) and insulin was measured in serum using an ELISA colorimetric 
assay kit (Crystal Chem) according to the manufacturer’s protocol. Glucose toler¬ 
ance testing was performed as we have described [21 , in mice at 16 weeks of 
study diet following a 12-h overnight fast. Insulin sensitivity was estimated using 
the HOmeostatic Model Assessment of Insulin Resistance (HOMA-IR) method 
[22 , calculated using the formula: basal insulin (fjf) 


basal glucose (^) 


405 


Tissue collection and tumor analysis 


Mice were euthanized at 32 weeks of age (26 weeks of experimental diet) in the 
random-fed state between 09:00 and 11:00 h. Tumor multiplicity, which 


represents the number of surface-hemorrhaging tumors per liver, was counted. 
The diameter of each visible tumor (^0.5 mm in diameter) was used to calculate 
tumor volume using the formula: radius 3 . Individual tumor volumes were 

summed to calculate total liver tumor burden per animal. Tumor burden values 
were used throughout the study to test for correlations with diet-related param¬ 
eters as a representation of both tumor size and number. Mice without visible 
tumors were excluded from tumor burden, multiplicity, and all other analyses 
(n = 1-2 per group). The large lobe of the liver was kept for histology, and the 
remaining liver was divided into non-tumor-involved and tumor-involved tissue, 
snap-frozen in liquid nitrogen, and stored at -80 °C until further biochemical 
analyses. The weights of both gonadal and subcutaneous fat pads were summed 
and represented as combined adipose weight per animal. 


Liver histology 


The large lobe of the liver was fixed in 10% neutral-buffered formalin and par¬ 
affin-embedded for microtome sectioning (5 pm thick) and hematoxylin & 
eosin (H&E) staining. Slides were digitally scanned using an Aperio ScanScope 
(SC System) to produce high-resolution images (resolution: 0.25 pm per pixel). 
Histological analysis was performed in a blinded manner. Hyperplastic foci 
(HPF) were identified by the presence of focal basophilia. HCA was character¬ 
ized by the presence of basophilic cells and cells containing glycogen and fat, 
resembling human HCA. HCC was distinguished from pre-neoplastic lesions if 
three or more of the standard criteria were met: undifferentiated trabecular 
structure: enlarged, mild-moderately polymorphic hyperchromatic nuclei with 
enlarged nucleoli; presence of basophilia: increased abundance of mitotic 
figures: and invasive growth (27-28). HCC that developed within HCA was 
classified as HCC foci, and HCC that arose from hepatic tissue was classified 
as bona fide HCC. 


Liver and serum cytokines 


Liver cytokines were measured in non-tumor-involved liver tissue by qPCR, as we 
have described [23]. Cyclophilin A was used as a housekeeping gene. Primer 
sequences are listed in Supplementary Table 1. Serum cytokines were measured 
by ELISA colorimetric assay kits in serum collected at the time of harvest (IL-6 and 
TNFoc, Cayman Chemical; leptin and adiponectin, Boster Biosciences). 


Liver fat content 


The liver lipid extraction method was adapted from Folch [24] as we have 
described [23]. Colorimetric assay kits were used to measure triglyceride (Pointe 
Scientific) and cholesterol (Infinity, Thermo Scientific) content of the lipid 
extracts according to the manufacturers’ protocols. 


Western blotting 


Liver tissue was homogenized in RIPA buffer (10 mM TRIS pH 8.0, 0.5 mM EGTA, 
1% Triton X-100, 0.2% SDS, 100 mM NaCl) with protease inhibitors cocktail 
(Roche) and phosphatase inhibitors (2 mM sodium orthovanadate, 1 mM sodium 
pyrophosphate, 10 mM sodium fluoride, 250 nM microcystin). Antibodies used 
for immunoblotting were: phospho-p70S6K (T389) (Cell Signaling 9206S), phos- 
pho-AMPK (T172) (Cell Signaling 2535P), AMPK (Cell Signaling 2793S), p53 (Santa 
Cruz 6243), acetyl-p53 (K379) (Cell Signaling 2570S), SIRT1 (Millipore 07-131), 
p21 (Abeam 7960), cleaved CASP3 (Cell Signaling 9664), Cyclin D1 (Santa Cruz 
753), and 14-3-3 (Santa Cruz 1657). 


Statistical analyses 


Group results are presented as mean ± standard error of the mean (SEM) and 
compared by one-way ANOVA followed by Fisher’s PLSD post-hoc test. Tumor 
burden (mm 3 ) and multiplicity values were log 2 -transformed to stabilize group 
variance, which is appropriate when standard error is proportional to changes 
in the mean. One-way ANOVA and Fisher’s PLSD post-hoc tests were performed 
on the log 2 -transformed data. Scatter plots were analyzed by linear regression 
to determine line of best-fit, followed by Pearson’s correlation analysis to mea¬ 
sure the correlation coefficient between two variables. Statistical significance 
was accepted at p <0.05. Statistical analyses were performed using GraphPad 
Prism v6.00. 
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Results 

Dietary effects on tumor burden 

Fig. 1A illustrates the study design. In brief, C57BL/6N mice were 
injected with DEN (25 mg/kg i.p.) at 14 days of age. The mice 
were weaned at 3 weeks of age and randomized to cages with 
non-littermates to avoid litter bias. From 6 weeks of age, mice 
were fed one of five diets with varying sugar and fat content. 
Metabolic analyses were performed at 22 weeks of age (16 weeks 
of study diet) and mice were euthanized at 32 weeks of age 
(26 weeks of study diet). We observed that tumor incidence 
was similar between diet groups (Fig. IB); however, tumor bur¬ 
den and multiplicity were significantly greater in all mice fed 
high-sugar diets (WD-L, WD-C, and FD) (Fig. 1C-D) compared 
to mice fed NC. Mice fed KD, which was high in fat but low in 
sugar, had low tumor burden that was comparable to mice fed 
NC diet. Histological analysis identified the majority of tumors 
as HCA, but instances of HCC and HCC foci were observed in livers 
of mice fed the high-sugar diets (Fig. IE, Supplementary Fig. 1). 
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Fig. 1. Dietary nutrient content has a strong influence on liver tumor burden 
and multiplicity in mice treated with DEN. (A) Diagram of study design. (B) 
Tumor incidence, (C) average tumor burden, and (D) multiplicity of DEN-treated 
mice at 32 weeks of age. Data presented as mean ± SEM. (*) Indicates a significant 
difference compared to NC group, p< 0.05 (n = 5-ll). (E) Histological classifica¬ 
tion of tumors observed (n = 4-6). HCC = hepatocellular carcinoma, HCA = hepa¬ 
tocellular adenoma. (F) Representative images of livers of DEN-treated mice and a 
liver from an age-matched mouse fed NC (NC no DEN) shown for comparison. 


The mouse with the median tumor burden for each diet group 
is shown as a representative image in Fig. IF. 

Physiologic effects 

DEN treatment significantly increased liver triglyceride stores in 
all dietary groups compared to control mice that did not receive 
DEN (Fig. 2A). When comparing only DEN-injected mice, those 
fed WD-L and WD-C had significantly increased liver triglycerides 
compared with mice fed NC (Fig. 2A). Liver cholesterol levels 
were significantly elevated in mice fed high sugar diets (WD-L, 
WD-C, and FD) compared with those fed NC (Fig. 2B). When 
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Fig. 2. Liver tumor burden is highly correlated with liver fat content, but does 
not correlate with adiposity. (A) Triglycerides and (B) cholesterol were 
measured in non-tumor-involved liver lipid extracts from mice at 32 weeks of 
age. Data on the left are averaged per group and data sets on the right represent 
the correlation between lipid and tumor burden for each individual mouse. (C) 
Weights of subcutaneous adipose, (D) gonadal adipose, and (E) combined 
subcutaneous and gonadal adipose of mice at 32 weeks of age. Data in bar 
graphs are presented as mean ± SEM. (*) Indicates a significant difference 
compared to NC, p <0.05 (n = 5-11). 
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evaluated as independent parameters, both liver triglyceride 
(Fig. 2A) and cholesterol (Fig. 2B) significantly correlated with 
tumor burden. There were no differences in overall body weights 
between groups, but compared to mice fed NC, mice fed WD-C 
and KD had greater adiposity, whereas mice fed FD had a trend 
for lower adiposity (Figs. 2C-E). Overall, there was no correlation 
between tumor burden and adiposity or body weight (Fig. 2E, 
Supplementary Fig. 2B). This was particularly emphasized by 
the low tumor burden and high fat mass in mice fed KD and 
the high tumor burden and low fat mass of mice fed FD. Food 
consumption monitoring showed a trend for increased kCal 
intake in mice fed diets rich in fat (WD-L, WD-C, KD) (Supple¬ 
mentary Fig. 2A). Mice fed WD-C and FD had larger liver weight 
as a percentage of body weight compared to mice fed NC, while 
mice fed KD had smaller liver weight as a percentage of body 
weight (Supplementary Fig. 2B-D). 

Metabolic effects 

At 16 weeks of diet, serum insulin and glucose levels were mea¬ 
sured in random-fed (Fig. 3A and B) and overnight-fasted mice 
(Fig. 3C and D). Mice fed WD-L and WD-C had significantly ele¬ 
vated serum insulin levels in the postprandial fed state compared 
to mice fed NC. Furthermore, serum insulin levels in the post¬ 
prandial state positively correlated with tumor burden when 
compared as independent parameters irrespective of diet 
(Fig. 3A). Postprandial fed blood glucose levels were similar 
between all diet groups (Fig. 3B). Fasting hyperglycemia was 
observed in mice fed WD-L and WD-C (Fig. 3C), but fasting hyper- 
insulinemia was only observed in mice fed WD-C (Fig. 3D). 
HOMA-IR calculations indicated that mice fed WD-L and WD-C 
were insulin resistant under basal fasting conditions (Fig. 3E). 
Furthermore, mice fed WD-L and KD diet displayed marked glu¬ 
cose intolerance compared to mice fed NC (Fig. 3F). In sum, of the 
metabolic parameters evaluated, post-prandial insulin was the 
major factor associated with increased tumor burden. In contrast, 
tumor burden was not independently associated with fasting glu¬ 


cose, fasting insulin, glucose tolerance, or HOMA-IR (Supplemen¬ 
tary Fig. 3A-D). 

Inflammation 

To examine whether diet-induced inflammation was associated 
with liver tumor burden, we measured mRNA expression of IL- 
6, IL-lf, and TNFa as markers of inflammation in non-tumor 
involved liver tissue. Although no individual diet significantly 
increased liver IL-6 expression, there was a significant positive 
association between tumor burden and liver IL-6 expression at 
the level of individual mice (Fig. 4A, right panel). In contrast, 
while mice fed the WD-C had significantly increased IL-lf and 
TNFoc expression, neither IL-lf nor TNFot were independently 
associated with tumor burden (Supplementary Fig. 4A and B). 
Furthermore, serum inflammatory markers IL-6 or TNFoc were 
not related to tumor burden (Supplementary Fig. 5A and B). Col¬ 
lectively, of the liver and serum inflammatory markers measured, 
only liver IL-6 mRNA expression significantly correlated with 
tumor burden across diet groups. 

Serum adipokines 

Leptin and adiponectin are adipokines altered with obesity and 
both hormones are linked to insulin sensitivity and cancer. Serum 
analysis of each mouse identified an inverse correlation between 
serum adiponectin and both dietary sugar intake (WD-L, WD-C, 
and FD) and tumor burden (Fig. 4B). In contrast, leptin was not 
independently associated with tumor burden despite signifi¬ 
cantly higher concentrations in mice fed Western diets (WD-L 
and WD-C) (Supplementary Fig. 5C). 

Liver protein expression 

To examine potential mechanisms by which diet affects liver 
tumor burden, we performed Western blot analysis of proteins 
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Fig. 3. Liver tumor burden is associated with post-prandial insulin, but not other parameters of whole-body glucose metabolism. (A) Fed serum insulin and (B) 
glucose levels, and (C) fasted serum insulin and (D) glucose levels after 16 weeks of study diet. (E) HOMA-IR derived from basal blood glucose and insulin levels. (F) Blood 
glucose levels in mice over time and integrated area under the curve (AUC) for glucose tolerance. Data in bar graphs and line graphs presented as mean ± SEM. (*) Indicates a 
significant difference compared to NC, p <0.05 (n = 5-11). 
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Fig. 4. Liver tumor burden is positively correlated with liver IL-6, but negatively associated with serum adiponectin and apoptosis. (A) Fold-change in mRNA 
expression of IL-6 in non-tumor-involved liver tissue. (Left panel); IL-6 expression level averaged by diet. (Right panel) IL-6 expression compared to tumor burden for each 
mouse in the study. (B) Adiponectin concentration in serum collected from mice at 32 weeks of age, averaged per diet (left panel) and compared to tumor burden in each 
mouse (right panel) (for A and B. n = 5-11). (C) Protein expression in tumor tissue and non-tumor-involved liver tissue from mice at final harvest. 14-3-3 was used as a 
loading control. Protein expression was measured in at least three independent mice for each group; one representative set is shown. Quantitation of Western blot band 
densities for (D) p21 and (E) cleaved CASP3 (for D and E, n = 3). Data in bar graphs are presented as mean ± SEM. (*) Indicates a significant difference compared to NC, 
p <0.05. 


in both tumor tissue and non-tumor liver tissue. We first exam¬ 
ined expression and activation of proteins involved in genotoxic 
stress response, growth and survival. AMP-activated protein 
kinase (AMPK) is known to be phosphorylated and activated 
under conditions of genotoxic stress [25 . Consistent with this, 
we observed that AMPK was hyper-phosphorylated in liver tissue 
of mice treated with DEN compared to non-DEN-treated mice 
(Supplementary Fig. 6A and C). However, we did not detect any 
cancer-specific difference in the regulation of AMPK targets 
including p53 expression 26] or mTORCl activity (as determined 
by p70S6I< phosphorylation at T389) (Fig. 4C and Supplementary 
Fig. 6A, B, and D). In summary, DEN increased both AMPK and 
mTORCl activity, but their activity was not correlated to diet or 
tumor burden in the DEN model of liver cancer. Sirtuin 1 (SIRT1) 
is an NAD + -dependent deacetylase that can also be activated 
under genotoxic stress. Active SIRT1 can deacetylate p53 at 
K379, resulting in reduced p53 activity as well as degradation 
[27]. SIRT1 was not differentially expressed between groups 
(Supplementary Fig. 6A and F); however, DEN treatment led to 
decreased acetylated p53 at K379 in all diet groups except KD 
(Supplementary Fig. 6A and E). 

We next examined the expression of proteins involved in cell 
cycle regulation and apoptosis. Compared to mice fed low-sugar 
diets (NC and KD), mice fed the high-sugar diets (WD-L, WD-C, 
and FD) had lower p21 protein expression (Fig. 4C and D) and less 
cleaved caspase-3 (Fig. 4C and E). Together, these data indicate 
that high sugar diets are associated with anti-apoptosis (reduced 
caspase-3 cleavage) and increased cell cycle progression (reduced 
p21 expression). 


Discussion 

The etiology of obesity-related primary liver cancer is thought to 
evolve through stages of non-alcoholic fatty liver disease 


(NAFLD), non-alcoholic steatohepatitis (NASH), fibrosis and cryp¬ 
togenic cirrhosis [28 . Obesity is a risk factor for NAFLD; there¬ 
fore, it is considered to be a proximal contributor to the 
progression of liver cancer [2,29-31]. However, it remains 
unclear whether obesity perse or the chronic intake of obesigenic 
macronutrients is most important in promoting liver cancer 
tumor growth [32-34]. The purpose of this study was to investi¬ 
gate the interplay between dietary nutrients under controlled 
and well-defined conditions using the DEN model of murine liver 
cancer. 

Of the 5 diets tested in this study, 2 diets served as known 
controls. The lard-based Western diet is known to increase liver 
tumor burden compared to a normal chow diet [35,36], and the 
mechanism is widely thought to be a consequence of obesity- 
related metabolic disturbances. However, the other 3 test diets 
(coconut oil-based Western diet, lipogenic high fructose diet, 
and ketogenic diet) have not previously been evaluated in a 
mouse model of liver cancer. By comparing these diets, we 
observed that adiposity can be uncoupled from primary liver 
tumor burden. For example, mice fed a ketogenic diet rich in lard 
had low tumor burden despite marked adiposity. In addition, 
mice fed a lipogenic fructose diet were lean but had considerable 
tumor burden compared to mice fed NC diet. The NC and FD diets 
had equivalent fat and carbohydrate compositions, but the 
majority of carbohydrates in FD were from sugars (sucrose and 
fructose), whereas the carbohydrates in NC were from uncooked 
starch (complex glucose polysaccharides). Importantly, mice fed 
FD developed considerable tumor burden despite being the lean¬ 
est group. In addition, FD feeding did not increase other cancer- 
related phenotypes including liver inflammation or glucose intol¬ 
erance compared to normal chow-fed controls. It is notable that 
the DEN-treated C57BL/6N mice fed Western diets gained 
increased adiposity, but did not gain significantly more body 
mass compared to mice fed NC. In other studies, DEN-treated 
C57BL/6J mice fed Western diets have a more robust increase 


Journal of Hepatology 2014 vol. xxx I xxx-xxx 


5 


Please cite this article in press as: Healy ME et al. Dietary effects on liver tumor burden in mice treated with the hepatocellular carcinogen diethylni- 
trosamine. J Hepatol (2014), /dx.doi.org/10.1016/j.jhep.201.4.10.024 


Cancer 















































































































Cancer 


ARTICLE IN PRESS 


Research Article 

in both body mass and adiposity; e.g., Park et al [33]. The reason 
for the lack of a large fold-change in body mass in this study is 
related to the fact that C57BL/6N mice fed NC diet are larger than 
baseline C57BL/6J mice fed NC diet. For example, the NC-fed mice 
in this study weighed on average 41 grams, which is a higher 
body mass compared to adult C57BL/6J mice in similar studies 
[33]. This body weight phenotype difference is consistent with 
recent studies comparing the C57BL/6J and C57BL/6N strains, 
wherein C57BL/6N mice gained more body weight over time than 
C57BL/6J mice fed NC diet [37,38]. Because the C57BL/6N mice in 
our study gained considerable body weight with chow feeding, 
the high calorie diets did not have pronounced obesigenic effects. 
This result strongly supports a role for dietary sugar intake in 
tumor burden that is independent of obesity and obesity-related 
phenotypes. 

We also investigated whether altering only the type of dietary 
fat could affect tumor burden. Lard fat is composed of 95% long- 
chain fatty acids. Consumption of high-fat high-sucrose lard- 
based diets results in impaired whole-body glucose tolerance. 
In contrast, coconut oil is composed of 63% medium-chain fatty 
acids that are highly saturated, have less deleterious effects on 
whole-body glucose tolerance than lard-based diets (Fig 3F), 
but exacerbate liver fat accumulation [12]. We observed that 
both WD-L and WD-C had increased tumor burden compared 
to NC; however, mice fed WD-C had the greatest tumor burden 
and tumor multiplicity of all diets. One possibility is that the lip- 
ogenic nature of medium chain fat diets contributes to worsening 
disease progression. These findings may have implications for 
dietary consideration in Southeast Asian populations that readily 
consume coconut oil and also have among the greatest incidence 
of hepatitis and liver cancer worldwide [39,40 . 

Numerous studies have linked the pro-inflammatory cyto¬ 
kines IL-6, IL-ip, and TNFoc to liver cancer. Liver inflammation 
accompanies steatosis in the development of NASH 28,41] and 
liver cancer in humans [29,42,43 . We observed that liver IL-6 
expression was positively associated with tumor burden. 
Recently, a study by Park et al demonstrated that IL-6 knockout 
mice treated with DEN and fed a lard-based Western diet had less 
liver tumor burden than wild type controls fed the same diet [35]. 
Although this study demonstrates that loss of IL-6 is protective 
against liver cancer, it should be noted that the IL-6 mutant mice 
were leaner than controls, had lower liver triglycerides, and had 
lower serum insulin levels [35 . Thus, one possibility is that the 
beneficial alterations in serum insulin or liver fat content in IL- 
6 knockout mice confer this protection from liver cancer. 

In the present study, liver steatosis was highly associated with 
liver tumor development. Compared to mice fed NC, mice fed 
diets with the highest sugar content (WD-L, WD-C, and FD) had 
the greatest liver lipid content and tumor burden. Since insulin 
and IL-6 are potent activators of lipogenesis [44,45], one possible 
scenario is that high sugar consumption, coupled with elevated 
postprandial insulin and IL-6 expression, provides the stimuli to 
promote tumor growth. The concept that lipogenesis is an impor¬ 
tant driver of cancer progression has been suggested previously 
[14,46,47]. Consistent with this concept is our observation that 
mice fed diets low in sugar (NC and KD) had the lowest postpran¬ 
dial insulin, IL-6 expression, liver lipid content and lowest tumor 
burden. Importantly, our data is in line with a recent prospective 
human study that identified hyperinsulinemia as a more promi¬ 
nent risk factor for HCC than obesity [48 . 


Adiponectin inhibits the proliferation of liver cancer cells by 
increasing apoptosis, and low serum adiponectin is linked with 
poor-prognosis HCC in patients [49]. Previous studies have 
shown that excess sugar consumption is sufficient to decrease 
serum adiponectin levels in rats 50] and humans 51]. In the 
present study, we observed that serum adiponectin levels were 
decreased in mice fed diets containing high sugar. We also iden¬ 
tified that lower serum adiponectin levels were associated with 
less cleaved caspase-3 and a decrease in p21 expression in liver 
tissue. Together, these data support a possible scenario whereby 
excess sugar intake leads to a reduction in serum adiponectin 
that consequently impairs apoptosis and/or enables cell cycle 
progression. 

In summary, this study demonstrates the powerful influence 
of nutrition on primary liver cancer growth and progression. 
The matrix of diets used in this study provides strong evidence 
that dietary sugar consumption is more significant for tumor 
growth than over-nutrition (e.g., excess dietary fat), adiposity, 
and/or insulin resistance. These data reduce the complexity of 
the metabolic milieu associated with liver tumor growth and nar¬ 
row attention on roles for adiponectin, post-prandial hyperinsu¬ 
linemia, and liver lipogenesis. Future nutritional studies in mice 
are necessary to determine whether established liver tumor 
growth can be stalled or reversed if sugar is removed from the 
diet. If so, these data would provide pre-clinical evidence to sup¬ 
port testing dietary intervention in patients diagnosed with pri¬ 
mary liver cancer. 
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